Shallow borehole microseismic monitoring was undertaken during multi-stage hydraulic fracturing operations near Fox Creek, Alberta. P-wave focal-mechanism inversion was applied to 17 events with magnitudes greater than M 1.5 by fitting P-wave polarities and 3C amplitudes. By analyzing the inverted source mechanisms, the 17 induced events can be classified into two main groups. Group one consists of N-S (or E-W) trending strike-slip earthquakes, while group two consists of NE-SW or NW-SE trending oblique slip events. In the case of group one, decomposition of the source mechanisms shows that they are dominated by double-couple components (typically >75%). In the case of group two, source mechanisms exhibit significant non-double-couple components, consistent with minor tensile opening/closing or complex fault geometry. The latter might include multiple intersecting fractures, dilatant jogs created at the overlapping areas of multiple fractures, or non-planar fault geometry.
Introduction
Understanding source mechanisms of induced earthquakes is important to distinguish them from natural earthquakes and to estimate time-dependent seismic hazard in areas where large-scale fluid injection is ongoing . In general, conventional source-mechanism inversion methods can be classified into three main categories: Pwave first motion-based methods (Reasenberg and Oppenheime, 1985; Hardebeck and Shearer, 2002) , P-wave and/or S-wave amplitude-based methods (Rau et al., 1996; Nakamura et al., 1999) and waveform-based methods (e.g., Sipkin, 1986; Zhu and Helmberger, 1996) . The present study is located west of Fox Creek, Alberta, within a region where a sharp increase in the frequency of injection-induced seismicity has occurred since December 2013 (Schultz et al., 2018) . In contrast to the central United States where saltwater disposal is inferred to be the dominant triggering mechanism of induced earthquakes, hydraulic fracturing is thought to be the dominant, albeit infrequent, triggering mechanism in the Western Canada Sedimentary Basin (Atkinson et al., 2016, Bao and . Investigations of source mechanisms for the induced earthquakes near the Fox Creek area are documented in previous studies (e.g., Eaton and Mahani, 2015; Zhang et al., 2016; Wang et al., 2017) ; however, most of these works are based on relatively sparse regional seismic networks that have a magnitude detection threshold that is generally greater than M 2.0.
In this study, we undertake a detailed investigation of 17 earthquakes with magnitudes larger than M 1.5 that occurred between November 10 and November 29, 2016. All of the events occurred during a multi-well hydraulicfracturing completions program west of Fox Creek, Alberta. This study extends previous induced-seismicity investigations in this area through the use of a dense shallow-well array to investigate an extended sequence of events. We begin by introducing the dataset and then we outline our focal-mechanism inversion and moment-tensor inversion approaches. Finally, comparisons between inverted focal mechanisms and moment-tensor solutions are made to provide further insights into the geomechanical significance of the events.
Method
Focal-mechanism solutions were obtained to estimate source mechanisms using the polarities of observed P-wave first motions. Polarities were picked on the vertical component, which for our dataset usually has the highestamplitude response for P-wave arrivals compared with the horizontal components. The focal mechanism was then computed by minimizing the misfit between predicted and observed polarities using a grid search algorithm, in which all the possible strike, dip, rake angles were considered with a sampling of 2° for each. The following objective function is used to evaluate each trial focal mechanism:
where obs Pol and mod Pol are the picked and modeled polarities (1 = positive and -1 = negative), and M is the total number of receivers. The modeled polarities were calculated based on the P-wave radiation pattern of a doublecouple source (Stein and Wysession, 2003) .
We performed the moment-tensor inversion based on the 3C amplitudes of direct P-wave in a 1-D layered isotropic medium. For a homogeneous region around a source located at the origin, the ith component of particle motion arising from the radiated P-wave can be represented as (Aki and Richards, 2002) :
where r denotes the source-receiver distance;
 and  are density and P-wave velocity;
i  is the direction cosine at the source of the ray to the receiver; () t  is the displacement time function at the source, P  is the travel time from source to receiver, and the dot notion denotes time derivative. Terms within the curly braces represent the P-wave radiation pattern, and the summation convention is used in this equation. In addition, for a 1-D layered velocity model,  represents the average density, while r and  denote the distance and average P-wave velocity along the raypath, respectively.
Based on equation (2), the observed 3C ground displacement amplitudes of direction P-wave can be cast in matrix notation as
The least-squares solution to this overdetermined problem is given by:
Dataset
The study area as shown in Figure 1 is situated west of Fox Creek, Alberta. Microseismic monitoring was carried out to record continuous ground-motion data between October 25 and November 29, 2016 over a four-well hydraulic fracturing treatment. The recording system consisted of a strong-motion accelerometer, six broadband seismometers and an array of 69 shallow borehole geophone system and two surface three-component geophones. In terms of the shallow borehole systems, each is comprised of three one-component geophones and one three-component geophone. In this study, only the 68 three-component geophones (marked in black triangles in Figure 1 ) were used. This distribution of stations provides good azimuthal coverage for the moment tensor calculations. As marked by circles in Figure 2 , 17 induced events with magnitude larger than M 1.5 were observed during the monitoring period. Table 1 shows the origin times and event magnitudes reported on a regional event catalog. In this study, the 17 events were located using P-wave arrival times based on the velocity model derived from the available nearby well log data. Results Table 2 shows the focal-mechanism-inversion results based on P-wave polarities as well as the moment-tensorinversion results based on 3C displacement amplitudes of direct P-wave. The mechanisms are presented in the table as beach ball diagrams. For some events, a set of focal mechanism solutions were obtained that fit the observed polarities equally well, and a representative nodal plane is shown with color fill in Table 2 . In general, however, there are two dominant focal mechanisms within the 17 induced events. Events 1-6 and 11-17 share a similar strike-slip focal mechanism with high dip angles typically >85 º . The two nodal planes for this group strike N-S and E-W. For events 7-10, the two nodal planes of the focal mechanism exhibit either NE-SW trending strike-dips with dip angles between 45 º and 60 º or NW-SE trending strike-slips with high dip angles (typically >85 º ) accompanied by significant strike-slip component. Similarly, the moment-tensor-inversion results also exhibit two groups of source mechanisms: group one with events 1-6, 11-17 and group two with events 7-10. For group one, the nodal planes the best-fitting DC mechanism are very close to the previously described focal-mechanism-inversion results of this group. On the other hand, for group two, the nodal planes of the best-fitting DC solutions differ from the focal-mechanism solutions. This difference occurs because the moment-tensor solution has additional degrees of freedom that include non-DC components. Source parameters resulting from the moment-tensor inversion are summarized in Table 3 . The seismic moment magnitudes were estimated by fitting Brune model (Brune, 1970; Brune, 1971) , resulting in magnitudes ranging between MW 1.55 and MW 3.22. The misfits between the observed and theoretical P-wave amplitudes are relatively small, with misfits of <15% for most of events.
The moment tensors can also be represented graphically using a Hudson diagram (Hudson et al., 1989) . This plot is parameterized using T, describing the deviatoric part of the moment tensor, ranging from -1 to 1 from the left to the right side of the plot, and with the parameter k measuring the volume change ranging from -1 at the bottom of the plot to 1 at the top. The DC region is situated in the middle of the plot. In Figure 3 , it can be observed that the 4 events in the second group exhibit significant larger non-DC components compared with the 13 events in group one. Figure 4 shows the percentage of each component after the complete moment-tensor decomposition for each of the 17 events. For events 1-6 and 11-17, the focal mechanism is dominated by the DC (typically >75%) accompanied by minor CLVD and ISO. However, for events 7-10, significant non-DC components (up to 62%) are observed, which needs further interpretation. Table 2 : Summary of best-fitting focal-mechanism solutions and moment-tensor solutions. 
Discussion
The estimated moment magnitudes for the 17 induced events in this study range between MW 1.55 and MW 3.22, which are slightly lower than the reported values on the regional catalog ( Table 1) . As shown in Figure 2 , focal depths of these events vary from 3211 m to 4929 m, and most of them are in vicinity of the fluid injection depth (~3.4 km) of hydraulic fracturing treatments. However, for events 11 and 12, compared with other events, they exhibit slightly deeper focal depth (> 4 km), which lies in the Precambrian crystalline basement (~3.8 km according to Pilkington et al., 2000; Majorowicz et al, 2014; Wang et al., 2017) . Nevertheless, the relatively shallow focal depth of these events exhibits a good agreement with previous studies Wang et al., 2017) , in which the focal depths of the hydraulic-fracturing induced earthquakes in this area are typically less than 5 km. Our focal mechanism solutions for both group one and group two are consistent with previous studies in the nearby area (Eaton and Mahani, 2015; Wang et al., 2017; Zhang et al., 2016) , in which the source mechanisms yield either N-S/E-W or NE-SW/NW-SE trending nodal planes. However, relative to group one which exhibits strike-slip mechanism with nearly vertical N-S/E-W nodal planes as well as minor non-DC components (typically < 25%), significant dip-slip components (for the NW-SE trending nodal plane) and small dip angles (< 40 º for the NE-SW trending nodal plane) are observed within the best DC solutions of group two. In addition, significant non-DC (up to 62%) are also observed in the moment-tensor solutions for group two. The non-DC component can be interpreted in various ways. In the context of hydraulic fracturing, volumetric components of the moment tensor could signify a component of tensile opening. On the other hand, non-DC components can also arise from complex source characteristics such as multiple intersecting fractures, dilatant jogs created at the overlapping areas of multiple fractures, or non-planar fault geometry .
Moment-tensor inversion results may contain artifacts due to a number of factors, such as the S/N for a given dataset, uncalibrated velocity model, anisotropy of velocity model, source location errors and errors in amplitude picks, and inversion algorithm itself . Future work is needed to determine the possible effects from these sources of artifacts.
Conclusions
The P-wave polarity-based focal-mechanism inversion and P-wave amplitude-based moment-tensor inversion were undertaken for a set of 17 induced events recorded during a hydraulic fracturing program west of Fox Creek, Alberta. The moment magnitudes of these events are estimated to range between MW 1.55 and MW 3.22. In both of two sets of inversion results, two groups of source mechanisms were identified: group one, predominantly doublecouple (DC) N-S or E-W trending strike-slip events; and group two, a set of events exhibiting significant non-DC components with high-dip angle dip-slip (thrust-faulting) or low-dip angle strike-slip. For group one, the nodal planes of the best-fitting DC within the moment tensor are very close to the focal-mechanism-inversion results. For the other group, the nodal plane solutions exhibit slightly larger difference between the two sets of results. The full moment tensors are decomposed into three components: ISO, DC and CLVD. The 13 events within group one have DC-dominated source mechanisms (typically > 75%), accompanied by minor CLVD and ISO. For the 4 events within group two, significant non-DC components are observed (up to 62%).
